Abstract: Noteroclada Taylor ex Hook. & Wilson has long been recognized as a unique leafy taxon having affinities to the north temperate, simple thalloid liverwort genus, Pellia Raddi. Although a suite of diagnostic characters clearly separate it from Fossombronia Raddi and other leafy, anacrogynous taxa, considerable confusion regarding its identity exists in historical treatments. There are unresolved questions in regards to the extent and significance of morphological variation within the genus, the number of species that should be recognized, the geographic range that it occupies and its position in liverwort phylogeny. Morphological, experimental and molecular techniques are employed to address these questions. These studies show that there are two forms of perennating tubers, which are geographically partitioned, that plants are always monoicous, that sporophytes are enclosed by a shoot calyptra and Fossombronia-like caulocalyx and that sporeling ontogeny is different from that of Pellia.
Introduction
Noteroclada Taylor ex Hook. & Wilson is a large, fairly common foliose hepatic of moist, montane habitats of the western Cordillera of Latin America, ranging from Mexico down the Andean chain to Fuegia and subantarctic islands, with a second area of distribution in the Atlantic rainforests of southeastern Brazil (Grolle 2002 , Gradstein & Costa 2003 . It has also been reported from Gough Island in the midAtlantic (Grolle & Seppelt 1986 , Frey & Stech 2009 , as well as southern Africa (Schuster 1992 ) and Kerguelen's Island (Hooker & Taylor 1844 , Taylor & Hooker 1847 , but these range extensions are considered dubious and in need of verification (Grolle 2002) . It has been traditionally aligned with the North Temperate, simple thalloid genus Pellia Raddi in the Pelliaceae, which is currently recognized by most authors as the only family in the Pelliales of the subclass Pelliidae , Crandall-Stotler et al. 2009 ). Although the relationship between Noteroclada and Pellia has been rarely questioned, assumptions about the level of that relationship vary from its inclusion in the genus Pellia (Austin 1875) to its placement in a separate family (Reimers 1954 , Frey & Stech 2005 or even a separate order (Frey & Stech 2008 , 2009 ). Although easily distinguished by their leafy versus thalloid facies, Noteroclada and Pellia share many important anatomical features, including similar associations with glomeromycotean fungi (Ligrone et al. 2007) , dispersed androecia in which antheridia are borne singly in scattered thallus-derived chambers, spheroidal, 4-valved capsules with well-developed basal elaterophores, and precocious, endosporic spore germination. On the other hand, phylogenetic distance between the two genera is suggested by their different apical cell geometries, modes of branch development and gynoecial organizations (Renzaglia 1982) .
Like Pellia, populations of Noteroclada form extensive, dense mats over constantly moist soil along stream banks, at the edge of lakes or bogs, or over seeps, but never grow submerged. This is in contrast to Austrofossombronia marionensis R.M.Schust. and the species of Fossombronia Raddi assigned to that genus by Schuster (1994) , namely, F. peruviana Gottsche & Hampe and F. australis Mitt., which occupy similar habitats, but can grow partially submerged and form turfs rather than mats when on soil. These species of Fossombronia resemble Noteroclada in being large foliose plants with dorsally scattered, naked archegonia, but differ in their scattered, but non-chambered, antheridia and bright purple to violet rhizoids (Goebel 1930) . Specimens of Fossombronia from submerged habitats, however, are usually sterile and lack these diagnostic rhizoids, making their distinction from Noteroclada much less obvious. In fact, it is possible that reports of Noteroclada from the Kerguelen sector, which first appeared in Hooker & Taylor (1844) , are based on miss-identifications of F. naumannii Schiffn. and/or F. australis. Historically, the confusion between Noteroclada and Fossombronia began with the naming of Jungermannia porphyrorhiza Nees (Nees 1833). According to Proskauer (1955) , the holotype of J. porphyrorhiza, which is from Minas Gerais State, Brazil, contains stems of both Noteroclada and Fossombronia. A note and annotated drawings by Gottsche, suggesting that the specimen represented a new genus with Fossombronia-like females and Pellia-like males, are included in the herbarium packet. Montagne (1839) expanded the description of J. porphyrorhiza to include the sporophyte, which he described and illustrated as having a globose, 4-valved capsule. In this treatment, characters of Fossombronia, e.g., purple rhizoids, have been clearly mixed with those of Noteroclada, e.g., 4-valved capsules. Subsequent to the naming of Noteroclada confluens Taylor ex Hook. & Wilson (Hooker & Wilson 1844:166) , Nees (1846) erected the genus Androcryphia Nees to include A. porphyrorhiza (Nees) Nees (= J. porphyrorhiza) and A. confluens (Taylor ex Hook. & Wilson) Nees (= Noteroclada confluens and J. confluens Hook. f. & Taylor), a species which according to Hooker & Taylor (1844) was distributed in Cape Horn and Kerguelen's Island as well as Brazil and the Falkland Islands. Male plants with antheridia immersed in a close succession of dorsal thallus tubercles were described in both species, but rhizoid color was indicated only for A. porphyrorhiza. In a slightly expanded treatment in 1847, Taylor and Hooker provided more detailed specimen information and suggested that the Gardner plants from Brazil might be different from the Antarctic collections, but nonetheless, Mitten in 1855 reduced all of the above to Noteroclada porphyrorhiza (Nees) Mitt. At the same time, he extended the range of Noteroclada to include New Zealand, based on collections of Colenso from Titiokura (Hawkes Bay region). Some twenty years later, Colenso described three additional species of Noteroclada from New Zealand, N. perpusilla Colenso (1884) , N. lacunosa and N. longiuscula . Surprisingly, Stephani (1892, p. 273) reduced four of Colenso's species of Fossombronia from New Zealand (F. gregaria Colenso, F. macrophylla Colenso, F. nigricaulis Colenso, and F. rosulata Colenso) to Noteroclada porphyrorhiza without comment. Upon later studying the original material of J. porphyrorhiza, however, Stephani (1900) modified his treatment of Androcryphia (= Noteroclada), pointing out for the first time that the specimen upon which the name was based actually was a mix of Fossombronia and Androcryphia. He recognized a single species, A. confluens, described the rhizoids as hyaline, listed A. porphyrorhiza and N. leucorhiza Spruce as synonyms, and restricted the distribution of the genus to Latin America, making no mention of either the Mitten or Colenso taxa. Finally, with the transfer of J. porphyrorhiza to Fossombronia by Proskauer (1955) , Androcryphia became a synonym of Fossombronia, and Noteroclada became the accepted name of the taxon. Today, Noteroclada is recognized as clearly distinct from Fossombronia, but whether historical reports of Noteroclada from Australasia and the Kerguelen sector are due to the inclusion of Fossombronia characters in early circumscriptions of the genus remains to be determined.
The morphology and developmental anatomy of Noteroclada have been well documented in the fairly comprehensive studies of Leitgeb (1877) , Schiffner (1911) , Ellwein (1926) and Renzaglia (1982) . Fortunately, all of these authors worked on specimens that were truly Noteroclada; the source of Leitgeb's specimens is not indicated, but Schiffner (1911) and Ellwein (1926) studied specimens from Brazil, and Renzaglia (1982) , specimens from Peru. Although these studies agree in most details of gametophyte shoot and branch development, including tetrahedral apical cell geometry, leaf formation and gametangial ontogeny, they differ somewhat in their interpretations of sexual condition, gynoecial position and the form of postfertilization structures associated with the sporophyte. It is significant that Schiffner (1911) , who provided the first detailed treatment of sporophyte anatomy and early sporeling ontogeny, described the capsule wall morphology of Noteroclada as being most similar to that of Treubia K.I.Goebel and quite different from that of Pellia. These findings were verified by Ellwein (1926) , but have not been cited in recent works.
Although there is a solid foundation of anatomical data on Noteroclada, the extent and significance of morphological variation within the genus have never been assessed. Consequently, whether the genus comprises a single species, as generally recognized, or multiple species, as proposed by Spruce (1885 Spruce ( , 1890 , is equivocal (Proskauer 1955 , Gradstein et al. 2001 , Gradstein & Costa 2003 . To resolve this taxonomic ambiguity and clarify the geographic range and relationships of Noteroclada, we have undertaken this comprehensive, systematic revision of the genus. Our treatment includes evaluation of all epithets historically associated with the names Noteroclada and Androcryphia, with designation of type specimens when appropriate, appraisal of morphological variation in over 500 herbarium specimens, verification of distribution records, review of sporeling ontogeny in axenic cultures of two select populations, assessment of character modulation under common garden conditions, and DNA sequence analysis of six representative populations.
Materials and methods
PLANT MATERIAL: Both recently collected and pertinent historical specimens of Noteroclada, including potential nomenclatural types, were obtained on loan from 27 herbaria (see acknowledgements). General morphological features, such as plant width, leaf shape, and sexual condition, were recorded for all collections. Samples were subsequently removed from a few specimens for more detailed anatomical study, using paraffin-sectioning and/or scanning electron microscopy (SEM) methods. (both from transplants maintained in a glasshouse at the University of Göttingen), and two specimens of Pellia epiphylla (L.) Corda, i.e., Zhang 4071 and Stotler 4352; vouchers of these are deposited in (ABSH). Detailed collection data for these are provided in the 'Select Specimens Examined' section of this paper. Taxon sampling for the molecular studies included six accessions of Noteroclada, seven accessions, representing four species of Pellia, and five outgroup taxa of the Pelliidae; see Table 1 for voucher information and GenBank accession numbers.
MORPHOLOGICAL METHODS: Specimens were prepared for SEM viewing and serial paraffin sectioning according to the procedures outlined in Crandall-Stotler & Stotler (2007) . Optical images were captured with either an Olympus SZX12 dissecting microscope equipped with an Optronics digital camera or a Leica CTR 5000 compound microscope with a Q Imaging Retiga 2000R camera. To improve depth of focus, multiple images were stacked in Helicon Focus ver. 3.79. SEM specimens were viewed and digital images captured with a Hitachi S570 SEM. AXENIC CULTURE METHODS: Transplants of live plants from Brazil, Ecuador, Mexico and Venezuela were placed on vermiculite, moistened with Hatcher's media (1965) in Phytacon culture dishes in an environmental chamber kept @15°C with a 14/10 hr day/night cycle, 1265 lux light intensity. Mature sporophytes, which were subsequently produced in the samples from Brazil and Venezuela, were used to initiate axenic spore cultures, following the procedures of Hatcher (1965) . Eight replicate cultures from each sample were randomly placed on the same shelf of an environmental chamber kept @14°C with a 12 hr day/night cycle, 1930 lux light intensity. Spore cultures of Pellia epiphylla were established 
Pellia endiviifolia
Higuchi s.n., Japan AY688786 AY688800 n/a n/a (Dicks.) Dumort.
[fromSIUC greenhouse culture] Pellia endiviifolia Muth s.n., France HM005733 HM005743 n/a n/a (Dicks.) Dumort.
Pellia neesiana
Forrest & Badcock HM005734 HM005744 n/a n/a (Gottsche) Limpr.
598, British Columbia, Canada Pellia neesiana Wheeler s.n., Oregon, HM005735 HM005745 n/a n/a (Gottsche) Limpr.
U.S.A.
Long s.n., Utah, HM005736 HM005746 HM005752 HM005726 (Gottsche) Limpr.
Outgroup Taxa

Allisonia cockaynii
Stotler & Crandall-Stot-AY507389 AY507432 n/a n/a (Steph.) R.M.Schust. ler 4470, New Zealand Calycularia crispula Furuki, s.n., Japan AY507395 AY507437 n/a n/a Mitt. Fossombronia australis Stotler & Crandall-AY507392 AY507434 n/a n/a Mitten Stotler 4610, New Zealand (Ax)
Makinoa crispata
Stotler & Crandall-AY877390 AY877393 n/a n/a (Steph.) Miyake Stotler 4047, China Phyllothallia nivicola Stotler & Crandall-AY507418 AY507459 n/a n/a E.A.Hodgs.
Stotler 4537, New Zealand in a similar manner. Sporeling ontogeny was monitored at weekly intervals until juvenile shoots were formed. Common garden comparisons were made after plants reached reproductive maturity.
MOLECULAR METHODS: DNA extraction, PCR and DNA sequencing methods follow Forrest & CrandallStotler (2004) . Two chloroplast coding regions, namely the rbcL gene and the rps4 gene (including its 3' spacer), were sequenced for all taxa, while two predominantly non-coding regions, the trnT UGUtrnL UAA intergenic spacer region (including the trnL UAA gene), and the atpB-rbcL spacer region, were sequenced for the Noteroclada accessions and one Pellia species. Primer sequences for the atpB-rbcL region are from Chiang et al. (1998) , and those for the trnT-trnF region are from Meissner et al. (1998) . Primers for rbcL and rps4 are given in Forrest & Crandall-Stotler (2004) .
Two separate matrices were compiled. The first included sequences from all four loci, for a subset of the taxa (the five Noteroclada accessions and one Pellia species for outgroup orientation). Several parts of the non-coding regions were not alignable between Pellia and Noteroclada. A second matrix comprised the two coding regions rbcL and rps4, for all sampled taxa. In both cases alignment gaps were treated as missing data. Maximum parsimony (MP) analyses were run in PAUP* (Swofford 2002) under Fitch parsimony, using the Exhaustive algorithm for the first matrix, and an heuristic search algorithm for the second matrix (250 replicates of Tree Bisection and Reconnection, with a limit of 25 trees saved per step). Maximum parsimony bootstrapping of the first matrix was preformed using 250 Branch and Bound replicates; MP bootstrapping of the second matrix was preformed with 1000 Bootstrap replicates, using 25 Tree Bisection and Reconnection replicates. For the second matrix, jModeltest (Guindon & Gascuel 2003; Posada 2008 ) was used to establish the model of DNA evolution with the best fit to the data, using a fixed JC tree; Akaike's Information Criterion led to the selection of a General Time Reversible model (Yang 1994) . Maximum likelihood (ML) analysis was run in PAUP, with a General Time Reversible model of molecular evolution, estimating all parameters from the data and using the trees found in the MP heuristic search as starting trees. Maximum likelihood bootstrapping was conducted in GARLI 0.951 (Zwickl 2006 ) with 250 replicates. Lastly, the utility of the universal plant barcoding region of rbcL, as selected in Hollingsworth et al. (2009) , was tested in this group by selecting the 5' end of rbcL up to the position where primer aR (Kress & Erickson 2007) would sit. This corresponded to character 616 in our alignment. We used this locus to generate neighbour-joining trees using both uncorrected p-distances and the General Time Reversible model of molecular evolution.
Results
MORPHOLOGICAL STUDIES:
In nature, plants of Noteroclada are bright grass-green, with the ventral side of the somewhat flattened, fleshy, often reddish stems densely covered with hyaline to pale yellow rhizoids. With drying, as in herbarium collections, the shoots become light to dark brown, and the rhizoids can then appear light tan, but they are never purple like the rhizoids of Fossombronia. The rhizoids are long, slender and unbranched, like those of Pellia, in contrast to the broader, contorted, often short rhizoids of Fossombronia, and are only rarely absent or sparse, as in the type of N. arrhiza Spruce. Leaves are suborbicular to elliptical or ovate, 1.1-3.0 mm wide by 1.5-3.8 mm long, with the apices always rounded and the margins entire (Figs 1, 2). Young leaves at the stem apex are inserted in an oblique succubous line, while mature leaves have an almost longitudinal insertion, with almost no insertion onto the dorsal side of the stem (Figs 2, 4). Leaf stance is horizontal, never erect or patent as in many species of Fossombronia. There is a central multistratose area, extending from the leaf base to just beyond the leaf middle, that gradates from six cell layers near the insertion line to two cell layers distally (Fig. 1) . The distal third to half of the leaf and several cell rows inwards from the leaf margins are unistratose (see also Renzaglia 1982, Fig. 258) . Median cells in the unistratose part of the leaf are usually elongated, 40-54 µm wide by 78-85 µm long, hexagonal in outline and thin-walled with inconspicuous trigones (Fig. 3 ). In plants with less elongated leaves, median leaf cells are isodiametric, 38-54 µm in diameter, but otherwise similar. Each cell contains up to 20 small, glistening, homogeneous oil bodies that are about the same size as the chloroplasts. This type of oil body morphology was consistent among the four live populations studied, including the population from Brazil, and are at variance with the report of finely segmented oil bodies in Brazilian populations by Gradstein & Costa (2003) . Although not usually preserved in herbarium specimens, in live plants uniseriate, hyaline slime hairs, similar to those of Pellia endiviifolia (Dicks.) Dumort., are found on the ventral side of the stems at and just below the shoot apex (Fig. 5) . Initially, each ventral merophyte produces two hairs, each consisting of 5 cells and a terminal slime papilla, but in older merophytes four hairs may be present, aligned in a transverse row, as also reported by Leitgeb (1877 Branching in Noteroclada is sparse and always monopodial, never dichotomous or furcate as in Pellia and Fossombronia (Fig. 6 ). All branches develop from lateral primordia that lie just ventral to the basiscopic margins of the leaves (Fig. 4) . These primordia are differentiated close to the shoot apex, as detailed by Leitgeb (1877, p. 121) and Renzaglia (1982, Fig. 252 ), but typically remain dormant unless the main apex is damaged, or until they lie some distance below the apex. Consequently, branches typically occur only near the base of older shoots, where they may be obscured by the growth of neighboring plants on top of them. Allsopp & Ilahi (1970a, Fig. 1) showed experimentally that decapitation of the shoot apex in cultured plants results in the formation of regenerant shoots from the branch primordia, as also does the addition of 1% to 4% glucose to the culture medium. We found that similar regenerant branches, or cladia, are also produced in natural populations, occurring in about 6% of the specimens examined. In contrast to normal branches, which are morphologically similar to the main shoot, these cladia are small, 2-3 mm long by 0.3-1.4 mm wide, and possess reduced, concave leaves and thick fleshy stems that are easily detached from the main stem (Fig. 7) . They form new shoots with mature morphology only after being separated from the parent plant. In addition to cladia, branch primordia can also give rise to subterranean tubers (Figs. 8, 9 ), as we first reported in 2005 (Zhang et al. 2005) . In some populations, tubers may also develop from the main shoot apex. It is surprising that the occurrence of such tubers was not noted by previous authors since they are present in 25% of the herbarium specimens we studied, including an isotype and the lectotype of N. confluens and N. leucorhiza, respectively, as well as several of Schiffner's collections from Brazil [301, 313, 394, 1173 (W) ]. Tuber formation is more common in populations with sporophytes, occurring in 40% of these as compared to only 17% of populations that lack sporophytes. There are two distinct tuber morphologies that appear to be non-randomly distributed, an ellipsoidal form (Fig. 8 ) and a spheroidal form (Fig. 9) . The ellipsoidal form is common to populations from the Atlantic rainforests of Brazil and Uruguay, with only four specimens seen from outside this area having tubers of this type, three from Columbia and one from Mexico. Spheroidal tubers occur in all other populations from the western Cordillera, Tierra del Fuego, Falkland Islands, Tristan da Cunha and Gough Island, and are absent from Atlantic rainforest collections. In both types, the tuberous branch consists of a swollen terminal tuber, subtended by a slender, leafless stalk that is up to 4 mm long and is comprised of elongate, thin-walled cells. In both, the incipient tuber branch is fleshy and hyaline, with leaves at its apex, but the spheroidal tuber branch is globose (Fig. 10) , while the ellipsoidal tuber branch is twice as long as broad (Fig. 11 ).
In the ellipsoidal tuber type there are at least five series of tightly appressed, scalelike leaves produced (Fig. 12) , in contrast to the two series of larger, concave, apically overarching leaves in the spheroidal form (Fig. 13) . After leaf formation, the apical cell of the incipient tuber branch is converted to a more or less flattened meristem (Figs 13, 14) , which halts further apical growth. As the tubers enlarge, their epidermal cells darken and become thick-walled, and the cells of the interior expand and are packed with starch grains (Fig. 15) . The leaves become inconspicuous, appearing as small buttresses on the surface of ellipsoidal tubers (Fig. 16 ) or as darkly pigmented, membranous scales in spheroidal tubers (Fig. 17) . Rhizoids are often present along the ventral surface of the ellipsoidal tubers, but are lacking in the spheroidal ones. In both tuber types, the stalk cells elongate to several times their original length, and the tuber is pushed down into the plant mat and/or soil. In the few examples we have seen of detached, germinating tubers, a new leafy shoot emerges from the axil of a scale leaf at the tuber apex, presumably from a branch primordium. Since the cells of the tuber proper are isodiametric in both ellipsoidal and spheroidal types, it is likely that the difference in shape is due to the ellipsoidal type having more merophytes formed from the apical cell prior to its elimination than is the case in spheroidal types. The non-random distribution of these morphologies and the fact that there is no intermixing of tuber types on single plants or within populations suggest that this ontogenetic difference is an intrinsic, genetically controlled character.
Although reported to be monoicous, or occasionally dioicous (e.g., Spruce 1885 , Gradstein & Costa 2003 , our studies confirm that Noteroclada is always monoicous and protandrous, with two distinct patterns of gametangial distribution. In some populations, archegonia are formed from young merophytes that are still producing antheridia and are subsequently distributed in two rows just to the inside of the perigonial chambers (Fig. 18) . In other populations, however, the two types of gametangia are temporally and spatially separated, with androecia being produced much earlier than gynoecia (e.g., Goebel 1930, Fig. 710 ), in which case it is possible to find plants that have only androecia, as reported by Schiffner (1911) . We have never found populations that have only gynoecia, as one might expect in a dioicous taxon, but we have seen shoots with old archegonia that seem to lack antheridia, intermixed with monoicous shoots. In this perennial taxon, there can be repeated cycles of gametangial production, each cycle beginning with formation of antheridia and their chambers at the shoot apex (see Renzaglia 1982 for details). With continued growth, the maturing perigonial chambers are arranged in two (or four) longitudinal rows on the dorsal surface of the stem (Fig. 19) . Mature antheridia are pale yellow, globose, 240-270 µm in diameter, and have untiered jacket cells and 4-celled stalks that are one cell high. The perigonial chambers are apically inclined, with the cells on the posterior side being slightly more elongated than those on the anterior side; a chimney-like neck is formed around the ostiole or mouth of the chamber by elongation of the surrounding cells (Fig. 19 ). This type of androecium is fundamentally like that of Pellia.
In Frey & Stech (2009, p. 42 ), archegonia are inaccurately described as being "in clusters, surrounded by an involucre." This type of gynoecium is characteristic of Pellia, but in Noteroclada both nascent and unfertilized archegonia are naked, like those of Fossombronia (Figs 18, 19) . In natural populations, fertilization occurs when the archegonia are still close to the shoot apex where they are more or less clustered and protected by the young leaves, while in cultured plants archegonia may remain viable for a short distance below the apex. After fertilization, a caulocalyx develops from the stem cells just to the outside of the enlarging calyptra (Figs 20, 21 ). In early stages of development, the caulocalyx is 2-parted and deeply lobed, with broad openings on both anterior and posterior sides, but as growth continues, it becomes cylindrical and multistratose at the base (Figs 18, 22) . The upper half of the caulocalyx is unistratose, with the mouth lobed, somewhat compressed and deeply incised on the anterior side. Since fertilization occurs within the cluster of archegonia at the shoot apex, a single caulocalyx usually encloses several archegonia, more than one of which may be fertilized (Fig. 20) . Usually, only a single sporophyte matures within a caulocalyx, but we have, on occasion, observed two sporophytes emerging from the same caulocalyx. Leitgeb (1877) explained the usually terminal position of sporophytes as due to fertilization halting further shoot growth, whereas Renzaglia (1982) contended that an actively dividing shoot apical cell is present even as embryos are developing. We have observed that although developing sporophytes are terminal, old caulocalices with degenerating, dehisced sporophytes occur a short distance below the apex, confirming that Noteroclada is truly anacrogynous.
Considerable stem growth beneath the fertilized archegonium encloses the sporophyte in a 3-or 4-stratose shoot calyptra inside the caulocalyx. Some of the neighboring archegonia are elevated on the sides of the calyptra and the sporophyte foot is deeply embedded in the stem. According to Schiffner (1911) , archegonia may also be elevated on the inner surface of the caulocalyx, but we have only observed them on the basal third of the shoot calyptra.
Our observations of sporophyte anatomy expand upon the descriptions of Schiffner (1911) and Ellwein (1926) , with which they mostly agree. As is also true in Pellia, the foot is obconoidal, with a very well developed collar or involucellum, the seta is large, 10 to 12 cells in diameter, and the capsule is spheroidal, with a persistent basal elaterophore and 4-valved dehiscence (Figs 23, 24 ). The description of capsule dehiscence as irregular by Hooker & Taylor (1844) , which was then copied by Nees (1846), was likely based on observations of immature capsules, apparently at the spore tetrad stage of development. Spruce (1885), Stephani (1900) and Ellwein (1926, Fig. 142 ) describe the capsule wall of Noteroclada as bistratose, but our findings agree with those of Schiffner (1911) ; i.e., the capsule wall is 3-stratose for most of its length, becoming 4-stratose at the base and occasionally 2-stratose at the apex (Fig. 25) . This is also in contrast to capsule structure in Pellia, in which the wall is bistratose, except at the 3-stratose base. In surface view, outer capsule wall cells are isodiametric to shortly rectangular, 30-42 µm in diameter, and possess unthickened, bright yellow walls and large, bright yellow triangular trigones (Fig. 26) . There are no thickenings other than the trigones on either the radial or tangential walls. In section, the outer layer of cells is 40-45 µm in depth, about the same depth as the combined layers of inner cells (Fig. 25) . Cells of the inner layers are elongate and fusiform, 20-30 µm wide by 80-100 µm long; their walls bear one or more yellow spiral thickening bands that appear as transverse bands, 3.0-3.5 µm wide, on the inner tangential wall (Figs 27, 28) . In intact capsules the spiral nature of the thickenings is somewhat obscured by the underlying cells, but it is clearly seen when the layers are physically separated from each other (Fig. 28) . According to Schiffner (1911) (Schuster 1992 , Fig. 850 ). The inner cell wall thickenings of P. epiphylla (Fig. 30 ) have been interpreted as semiannular bands by most authors (e.g., Schiffner 1911 , Schuster 1992 ), but in sectioned capsules it is clear that they are spiral thickenings like those of Noteroclada (Fig. 31) . Although Treubia also possesses spiral thickening bands on the inner capsule wall cells, it has no wall thickenings in the outer cells, and is no more like Noteroclada than is Pellia.
There are abundant elaters in the capsules, some randomly dispersed throughout the spore mass (Fig. 32 ) and others associated with the elaterophore. Those near the base of the elaterophore are short and broad, 16-20 µm wide by 85-100 µm long, and have four, yellow to ochre-colored, spiral-thickening bands, but most of the elaters are long and slender, 6.0-8.5 µm wide by 180-350 µm long, and have either two spiral bands throughout or three bands medially, tapering to two bands at the tips. We found no capsules with only very short elaters, as described by Hooker & Taylor (1844) . Spores at the post-tetrad, but pre-germination stage, are spheroidal and range from 45-50 µm in diameter (Fig. 33) , as compared to those of Pellia at the same stage, which are larger and slightly longer than broad, 55-60 µm by 65-70 µm (Fig. 34) . Although spores in both genera have been described as warty or granulate (Schiffner 1911 , Schuster 1992 , the exine ornamentation of the two is actually quite different when seen in SEM. In Noteroclada the exospore is densely pilate, with the pila often confluent at their capita, and then appearing as short, irregular ridges (Fig. 33) . The pila measure 1.3-l.4 µm high, with the stalks, 0.6-0.7 µm wide and the capita, 1.2-1.4 µm wide. There is a well defined, granulate, circular tetrad scar or laesura, which is bisected by a monolete ridge, or commissure, at the proximal pole; this structure was designated as a 'calotte' or proximal cap by Schiffner (1911, p. 331) . Spores of Pellia are densely covered with a mixture of small granulae and larger, scattered verrucae, 1.2-1.4 µm high and 1.5-1.6 µm broad, and like Noteroclada have a circular laesura at the proximal pole. In both taxa, changes that occur in the exospore during germination disperse these exine ornamentations (Bartholomew-Began 1996) and obscure the proximal laesura.
Spore germination in Noteroclada is precocious and endosporic as in Pellia, but sporeling ontogeny differs from that of Pellia in several details. First, in Noteroclada the germinating spore remains spheroidal and enlarges only slightly prior to cell division, becoming only 70-75 µm in diameter at the 2-celled stage (Fig. 35) . The first division wall is transverse and divides the spore into a small, somewhat hyaline proximal cell and much larger, densely chlorophyllose distal cell. The distal cell divides vertically to form two equal-sized cells (Fig. 36) , each of which undergoes another vertical division to form a tier of four cells at the distal end of the sporeling, as illustrated by Ellwein (1926. Fig. 147) . At the same time, the proximal cell divides by several oblique divisions to form a cluster of smaller cells at the proximal pole. We have never seen the pattern described and illustrated by Schiffner (1911, Fig. 7) in which the first division extends longitudinally through the spore and the four-celled stage includes the proximal cap. At the time of capsule dehiscence, the multicellular "spores" are either at the two-tiered stage or have begun to form a third tier of cells through transverse divisions of the original distal tier cells. It is noteable that the "spore" remains spheroidal and does not increase in size during intracapsular cell division.
Soon after release from the capsule, the first rhizoid of the protonema is formed from one of the small proximal cells and breaks through the spore wall at the monolete ridge of the laesura. At this stage, the protonema always consists of three distinct tiers of cells. The cells of the central and distal tiers undergo patterned divisions, comparable to those of Pellia protonemata (Bartholomew-Began 1996, Figs 13-22), and then enlarge, stretching the exospore to at least two times its original width. With continued growth, additional rhizoids emerge from the proximal tier and the stretched exospore is ruptured distally, typically within three weeks of spore inoculation. A tetrahedral apical cell is then delineated from one of the distal cells of the somewhat elongate protonema by three oblique divisions (Fig. 37) . This juvenile apical cell is isolateral, with the ventral face only half the width of the lateral faces, in contrast to the nearly equilateral apical cell of the adult phase (see Leitgeb 1877, pl. IX; Renzaglia 1982, Fig. 241) . A juvenile shoot with two rows of leaves is subsequently produced by regular spiral segmentations of the apical cell (Figs 38, 39) . The primary or first-formed leaves of the juvenile plant are very small, consisting of two basal cells and a terminal slime papilla, but larger, more typical leaves are produced after two or three cycles of segmentation. Goebel (1930, Fig. 969) reported that two or three leafy shoots can develop from a single protonema, but we have always found only one leafy shoot per protonema. As Bartholomew-Began has illustrated (1996, Fig. 5 ), in Pellia the spore initially undergoes three transverse divisions, the first of which is median, to form an ellipsoidal, four-celled protonema, prior to any vertical division and the protonema consists of 23 or 24 cells when released from the capsule. An apical cell with two cutting faces is delimited from a distal tier cell prior to exospore rupture, and a short, cylindrical juvenile phase precedes the establishment of adult apical cell geometry and thallus formation (Fig. 40) . Although the protonemata of both taxa display tiered construction, their tiered patterns are derived differently, and both the ontogeny and form of their juvenile phases are different. These differences suggest that although phylogenetically related, the divergence between the two taxa is ancient.
COMMON GARDEN STUDIES: Specimens from Brazil (Costa & Gradstein 3909) and Venezuela (Forrest 566 ) that were used to establish common garden experiments were of size classes comparable to the types of N. confluens and N. leucorhiza, respectively, i.e., the average width of the Brazilian plants was 3.0 mm and the average width of the Venezuelan plants was 6.0 mm. We observed no differences in rates of spore germination, sporeling ontogeny, or gametangial formation between the two sets of cultures, and mature plants showed no differences in plant width, leaf shape or leaf cell morphology. Regardless of locality of spore origin, plants grown from spores, randomly intermixed on the same shelf of an environmental chamber, are 6.1-6.5 mm wide, have leaves somewhat longer than wide, 1.8-2.0 mm wide by 3.0-3.2 mm long, and median leaf cells that are almost twice as long as broad, 42-54 µm wide by 75-100 µm long. Oil bodies number 10 to 12 per cell and are small, shiny and homogeneous. On the other hand, a population of small plants from Brazil, averaging 3.0 mm in width, and large plants from Ecuador, averaging 5.2 mm in width, that were transplanted into adjacent pots in a glasshouse at the University of Göttingen remained distinct, even after four years of greenhouse cultivation. These contrasting results suggest that plant size is likely modulated by differences in gene expression that occur early in ontogeny. Thus, spores, which are totipotent, display similar patterns of gene expression when placed in identical environments, but plants that have already established different gene expression patterns maintain their differences despite being placed in a common environment.
DISTRIBUTION STUDIES: Our studies confirm that Noteroclada is predominantly a Latin American taxon. It occurs in the mountains of central Mexico and Costa Rica, and is widely distributed in the Andes Mountains from western Venezuela to Cape Horn, Tierra del Fuego. There is a second center of distribution in the lower elevation, coastal mountains of southeastern Brazil, with extensions into eastern Uruguay and Paraguay. On the Atlantic side of the continent, the range extends from Tierra del Fuego to the Falkland Islands and South Georgia, the latter according to Hässel de Menendez (1977) , and further north in the mid-Atlantic, to Gough Island and the islands of Tristan da Cunha. The genus is typically found at elevations above 2000 m in Mexico, Costa Rica and the northern to central Andes, but occurs at much lower elevations in other parts of its range. Except for South Georgia, these distributional data have been verified with specimens, as detailed in the 'Select Specimens Examined' section of this paper.
Reports of Noteroclada also occurring in South Africa, Kerguelen Island and/or New Zealand are problematic. In 1986 Grolle & Seppelt indicated that N. confluens was widespread in Africa as well as Latin America, South Georgia, Gough Island and Kerguelen Island, without supporting citations. Later, Schuster (1992, p. 434) wrote "A second (?undescribed) species of Noteroclada occurs in South Africa (RMS & Shaun Russell) in the Drakensberg area." However, as discussed by Wigginton & Grolle (1996) , no description of this Drakensberg taxon has ever been published and there seems to be no reliable evidence of Noteroclada occurring in Africa. Still, Gradstein et al. (2001) and Gradstein & Costa (2003) Each specimen contains only a few stems, which were likely extracted from a larger collection, and has only scanty collection information. Having found no specimens of Noteroclada that are unquestionably from Australasia, we agree with Grolle (2002) that the genus does not occur in the Pacific sector.
MOLECULAR STUDIES: The four-locus matrix contained a total of 3552 aligned base pairs, of which 396 were variable, but only five were parsimony informative. Of the four regions, the rbcL gene was most informative, while the rps4 regions contained the highest proportion of base changes (see Table 2 ). However, the two non-coding regions contained several potentially useful indel characters that were not coded for this analysis (Table 3) . Two in the atpB-rbcL spacer were unique to the Brazilian Noteroclada (a 1 bp insertion 511 bp into the alignment, and a 2 bp insertion at 530 bp) while one 13 bp gap (at 541 bp) was shared between Venezuela and Ecuador, with a similar 14 bp gap in the Mexican sequence. A further 1 bp gap at 542 bp that is shared by the two Argentine sequences but is absent from the Brazilian sequence may prove informative given greater sampling within the species. In the trnL region, a 3 bp gap 551 bp into the alignment was shared by the two Argentinian and the Brazilian sequences. It was not possible to compare the Noteroclada sequences with Pellia at any of these gap sites, as they were too divergent. Unfortunately the 3' spacer of rps4, although apparently highly variable, was not useful in this study due to the presence of both mononucleotide and dinucleotide repeats that proved impossible to read through with Sanger sequencing.
An exhaustive search of the four-locus matrix found 10 most parsimonious trees, of length 403 steps. Internal branches within Noteroclada are very short -only one or two steps (data not shown). The only clade recovered in all 10 trees contains the two Argentinian accessions of Noteroclada; MP bootstrap analysis gave this clade 66% support.
The two-locus matrix contained 1869 aligned characters, of which 625 were variable, and 443 were parsimony-informative. Parsimony analysis recovered 32 MPTs of length 1184 steps. All of the conflict between these 32 MPTs is within Noteroclada, which again contains some very short branches. Pelliales is supported as monophyletic with respect to the chosen outgroups with 79% MP and 90% ML bootstrap support, while the monophyly of the Noteroclada accessions receives 100% support. Within Noteroclada, only the clade of the two Argentine accessions is well supported, with 91% ML bootstrap support, while there is very weak support for a clade of the accessions from Ecuador, Mexico and Brazil (54% MP BS). However, given the extremely low number of variable characters within Noteroclada, this is only to be expected.
From the likelihood phylogram (Fig. 41) , it can be seen that the levels of molecular variation within each of the multi-accessioned Pellia species [P. neesiana (Gottsche) Limpr., P. epiphylla and P. endiviifolia] are of a similar order to that within Noteroclada. Based on phylogenetic analysis of the four chloroplast regions sequenced for this study there is no molecular evidence that Noteroclada comprises more than one species in Latin America. However, the insertions and deletions within the noncoding regions provide evidence of genetic variation within Noteroclada. It is likely that further sampling, by providing more informative characters, will allow stronger inferences about the partitioning of its variation.
Discussion
Recognition of Noteroclada as a monospecific taxon is supported by morphological, experimental and molecular sequence data. Although there is a tendency for plant size to differ between Andean and Atlantic rainforest populations, common garden experiments demonstrate that adult plant size can be modified by environment during early stages of ontogeny and is not a reliable indicator of genetic divergence. On the other hand, tuber morphologies are, with only few exceptions, geographically partitioned, with small spheroidal forms common in Andean populations and larger, ellipsoidal forms occurring in populations from the Atlantic rainforest. Since both types of tubers have rather hard exteriors, are packed internally with starch, and generally remain attached to their parent shoots, their primary function is probably perennation, rather than reproduction or dispersal. This suggestion is further supported by the observation that tuber formation in axenic cultures occurs only after a culture becomes crowded and the agar begins to dry out, regardless of spore source. Although tuber shape does seem to predict specimen locality, we do not deem it a suitable character to delineate species in the absence of any other evidence of speciation. In fact, indel data suggest a different pattern of partitioning (Table 3) than tuber morphology, with the populations from the northern Andes and Mexico being different from those of the southern Andes and Brazil. Given the broad distribution range of N. confluens, both genetic and morphological variation are to be expected, but a more comprehensive sampling of populations is needed to evaluate their significance.
The distribution of Noteroclada includes several disjunctions, e.g., the Andes to southeastern Brazil, Tierra del Fuego to the Falkland Islands and South Georgia, and South America to Tristan da Cunha and Gough Island. Despite their closer proximity to Brazilian populations, plants from Tristan da Cunha and Gough Island are morphologically like those of the Andes and Falkland Islands; i.e., they are large, to 8.2 mm in width, and have oblong leaves and spheroidal tubers. According to Wace (1961) , Gough Island owes its vegetation to long distance dispersal by wind, water or animals, and shares several floristic elements with southwest Chile and the Falkland Islands. Noteroclada is dispersed primarily through spores, but these are large, thin-walled and actively growing when released from the capsule and are not likely to be dispersed over great distance by wind, as suggested to explain the disjunction of Herbertus Gray from South America to Gough Island (Heinrichs et al. 2010) . Possible dispersal agents, however, could be migratory seabirds, such as shearwaters and albatrosses that have been known to fly from Tierra del Fuego and the Falkland Islands to the eastern Atlantic. In fact, Tristan da Cunha and Gough Island are primary breeding sites for many such seabirds.
A phylogenetic relationship between Noteroclada and Pellia is clearly supported by a combination of morphological and molecular data. They are resolved as sister taxa in a monophyletic clade of the Pelliidae and share several morphological characters, including solitary antheridia in perigonial chambers, spheroidal capsules with a basal columella and precocious, endosporic spore germination. Still, intrinsic ontogenetic differences suggest evolutionary distance between them. For example, they differ in early patterns of protonemal division and juvenile plant formation, as well as in shoot apical cell geometry, branch origin and ontogeny, gynoecial organization and subsequent development of structures associated with the sporophyte. In our view, these significant, ontogenetic differences support the placement of Noteroclada and Pellia in separate, monogeneric families as proposed by Frey & Stech (2005) .
Taxonomy
Controversy over application of the correct generic name for this remarkably distinct genus of hepatics persisted for well over 100 years, with some workers utilizing the name Noteroclada, while others preferred the name Androcryphia for the same taxon. Proskauer (1955) documented chronologically the use of Noteroclada verses Androcryphia and solved this dilemma by pointing out that both are validly published, legitimate names and that Androcryphia should not be simply regarded as a substitute name for Noteroclada, i.e., a nomenclatural synonym. Nees (1846) had proposed the name Androcryphia ("hidden males") as a replacement name for Noteroclada, explaining in a footnote (Nees 1846, p. 470) that he regarded Taylor's Greek nonsensical. He considered it to be derived from notos (Gk. νοτος = the back), and clados (Gk. κλ δος = branch). That would render the meaning "dorsal branches," which indeed would be an inapplicable choice. Taylor & Hooker (1847, p. 446) , however, pointed out that Taylor's name should not have been superseded since the prefix was instead based upon noteros (Gk. νοτερbς = moist), referring to "plants of wet places," a perfectly correct and logical choice. Apart from that, Nees (1846) included two species in his genus, A. porhyrorhiza and A. confluens. More recently, Grolle (1983) selected A. confluens as the generitype, which would render Androcryphia a nomenclatural synonym of Noteroclada, but he was apparently unaware that Evans (1949) had earlier designated A. porphyrorhiza as the type of Androcryphia. Proskauer (1955, p. 195-197) argued, and rightly so, that Androcryphia was therefore not a substitute name for Noteroclada because when typified with A. porphyrorhiza it automatically became a synonym of Fossombronia.
Proskauer (1955) also pointed out that both the generic name Noteroclada and the binomial N. confluens were validly published by Hooker & Wilson (1844, p. 166) in their paper on a list of bryophytes collected by G. Gardner in Brazil. Regardless of the brevity, their statement "similar to Jungerm. hyalina, but larger, n. 32" fulfills the requirement of a descriptio generico-specifica (McNeill et al. 2006 : Article 42.1) for this monotypic genus. In their running list of the bryophytes, the binomial was ascribed to Thomas Taylor, appearing as number "134. Noteroclada confluens, Tayl. MSS.". On a later page in the same volume of the London Journal of Botany, Hooker & Taylor (1844, p. 477 ) presented a paper that treated the same taxon in detail. However, in the introduction to this work they pointed out that several naturalists had proposed the establishment of various new genera, which they did not find entirely acceptable. Rather, they (Hooker & Taylor 1844, p. 367 ) ". . . steered a middle course, and separated the Jungermanniae into sections to which we have given the names of the genera." They did not accept Noteroclada as a genus, but instead considered it a section of Jungermannia. Geissler & Bischler (1987) included it as "Jungermannia confluens Hook.f. & Taylor" in the Index Hepaticarum, but without (Taylor ex Hook. & Wilson) as parenthetical authors of the epithet, which would be the correct citation. And, even though both N. confluens and J. confluens were published in the same volume, they do not have equal priority since the papers were not issued simultaneously. According to Stafleu & Cowan (1979, p. 297, #3008) each of the seven volumes of the London Journal of Botany consisted of 12 parts, issued monthly, which ran anywhere from a total of 612 to 678 pages. One can argue by extrapolation that the W.J.Hooker and W.Wilson description on page 166 was likely issued by March, whereas the J.D.Hooker and T.Taylor description on page 477 was not issued until July (Stafleu & Cowan 1986, p. 191) . In view of the above, the author entries "Tayl. ex Hook. & Tayl." for the genus Noteroclada (London J. Bot. 3: 477, 1844) (Frey & Stech 2008) . While our data support the placement of Pellia and Noteroclada into separate families, their resolved relationship in phylogenetic analyses warrants placing them into the same order, Pelliales.
